The neutron electric dipole moment is investigated in a supersymmetric electroweak model admitting SU(2) W singlet and Q = −1/3, say D-type, quarks. Significant CP violating phases appear in the coupling between the singlet D-type quarks and the ordinary d-type quarks. Then, through the d-D mixing effects on the squark mass terms the gluino one-loop diagrams provide naturally the contributions ∼ 10 −26 e cm comparable to the current experimental bound on the neutron electric dipole moment. The CP violation in the d-D coupling would also be relevant for the electroweak baryogenesis.
The CP violation is one of the most interesting issues in particle physics and cosmology. Among various CP violating effects the electric dipole moments (EDMs) of neutron and electron seem to be promissing observables in searching for new physics, since they are calculated in the standard model to be much smaller than the values which can be reached in forthcoming experiments [1] . In the minimal supersymmetric standard model (MSSM) new CP violating phases arise in the soft supersymmetry breakings terms. The EDM of neutron is estimated generally in the MSSM to exceed the experimental bound [2] unless the CP violating phases in the soft terms are smaller than O(10 −3 ) or the squarks are heavier than a few TeV [3, 4, 5] . It, however, may be required in the viewpoint of naturalness that the soft supersymmetry breaking terms are real and universal at certain unification scale, if the constraints from the EDMs as well as the flavor-changing processes [6] are considered. Then, the CP violating phases in the soft terms are induced solely from the Cabibbo-KobayashiMaskawa (CKM) phase through the renormalization group evolution. They are estimated to be rather small, giving the neutron EDM less than 10 −27 e cm [7] . The CP violation in supersymmetry is also desired for the electroweak baryogenesis [8] . The parameter ranges to produce the enough amount of baryon number asymmetry are so restricted in the MSSM that some strong bounds are placed on the electroweak observables, e.g. the neutron EDM must be greater than 10 −27 e cm [9] . This would rather indicate that the CP violating phases in the soft terms induced by the CKM phase through the renormalization group evolution are not sufficient for the baryogenesis. The effect of large top Yukawa coupling above the unification scale can violate significantly the universality of the soft terms. Then, the CKMlike matter mixings give nontrivial effects on the soft scalar mass terms at the unification scale, so that the EDMs of neutron and electron can be as large as 10 −26 e cm [10] . These effects might also be relevant for the baryogenesis. By noting these indistinct aspects on the CP violation and also other various motivations, it will be interesting to consider some extensions of the standard model and its minimal supersymmetric version, where new sources of CP violation are expected to be provided. We investigate in this letter a supersymmetric electroweak model which admits SU(2) W singlet and Q = −1/3, say D-type, quark superfields. This sort of models would be suggested from the string theory [11] . New CP violating phases indeed appear in the coupling between the singlet D-type quarks and the ordinary d-type quarks. We examine the CP violating effects, especially the neutron EDM, where significant contributions are obtained from the d-D coupling.
The superpotential relevant for the quark superfields (suppressing the flavor indicies) is given in a certain basis denoted with "0" by 
0k , the λ α coupling is changed while the other couplings in eq.(1) remain invariant in the basis of eq. (2) . Then, the number of physically relevant CP violating phases in λ α is counted as
This implies that at least two d-type quarks should participate to obtain CP violating effects from the λ α coupling. It should further be remarked that the CKM matrix may not be involved in the leading contributions to some observable quantities, as will be seen later for the gluino contributions to the neutron EDM. Since the phase convention of the CKM matrix is irrelevant in such cases, the phase transformations of d c 0 's exept for the overall one can be used to redefine λ α . Then, the effective number of the CP violating phases in λ α is reduced to be (
, so that at least two D-type quarks are also required to realize the CP violating effects from the λ α coupling without the CKM mixing involved. If the soft supersymmetry breaking terms are real and universal at certain unification scale, they do not provide independent CP violating phases. The complex phases of the soft terms are rather induced through the renormalization group evolution. It would not be appealing from the viewpoint of naturalness to consider the soft terms with generic complex phases. They are in any way stringently constrained by the experimental bounds on the EDMs [3, 4, 5] .
The 
Here the vacuum expectation values of the Higgs fields are denoted by
These vacuum expectation values are taken to be real at the tree-level, since the soft ξ N NH 1 H 2 term can be made real by phase transformations among the Higgs fields. The superpotential (1) actually admits an extra symmetry U(1) E . This symmetry may be gauged, or broken explicitly by the mass and cubic terms of the singlet N field. It is, however, not essential in the present investigations on the d-D coupling effects which option is really chosen for the U(1) E . We here simply assume that v N ∼ 100GeV − 1TeV, without considering explicitly the possible effects of U(1) E . The quark mass matrix (4) may be diagonalized in the following steps. The d-D mixing term is first rotated out suitably as
The unitary matrices are given by
and the submatrices are calculated at the leading orders as
The block matrices M 
Then, the mass eigenstates are given in terms of the original states as
The d-D mixing effects on the d-type quarks can be seen by calculating M ′ d with eqs. (6) - (10):
(V L gives only sub-leading corrections suppressed by λ 
and the CKM matrix is given by
The
By noting eq.(9) and the quark mass ratios, we obtain
whereλ α andλ D represent the mean magnitudes of λ α and λ D , respectively. Here V
shows a hierarchical structure similar to that of the CKM matrix. Hence, up to the small corrections due to the d-D mixing, the unitary matrix V 0 is taken close enough to the actual CKM matrix.
The CKM unitarity is violated in eq. (15) as
where
is considered at the leading order. By using eq. (8) and
, the factor to violate the CKM unitarity is estimated as 
Then, by noting the hierarchical forms of
, it is readily found that the violation of CKM unitarity is small enough to satisfy the experimental bounds [15] . In relation to the violation of CKM unitarity, the d-D mixing also modifies the neutral currents of the d-type quarks coupled to the Z boson [12, 13, 14] . By using eqs. (7) - (12), the neutral currents are expressed in terms of the mass eigenstates as
which has already been observed in eq.(18). Here, the flavor changing neutral currents indeed arise with the coupling factors z ij (i = j) involving the CP violating phases, while the flavor diagonal ones are reduced by the small amounts of |z ii − 1|. The experimental bounds on the d-D mixing effects including CP violating ones have been investigated extensively in the
, and so on [12, 13, 14] . Here, by taking the coupling matrices given in the basis of eq. (2), it has already been observed in eqs. (17) and (20) that the d-D mixing effects are small enough by virtue of the hierarchical quark masses and the CKM mixing. Therefore, the experimental bounds on the neutral currents and the CKM unitarity do not place stringent constraints on the λ α coupling, just requiringλ α < ∼λ 2 D < ∼ 1. As seen in the above, it is possible that the λ α coupling hasλ α ∼ 0.1 − 1 with complex phases of O(1). Then, the CP violating effects by the λ α coupling will appear significantly in some physical processes. We here investigate especially the neutron EDM, where novel contributions are obtained from the λ α coupling. 
where α , which could also be comparable to the gluino contributions presented below.
We now examine in detail the gluino one-loop diagrams for the neutron EDM, as shown in fig.1 
where m ∼ 10 2 GeV represents the characteristic scale of the soft supersymmetry breakings.
The diagonal blocks M 
The squark mass eigenstatesD
with a suitable unitary transformation UD, where the compressed index K denotes simultaneously the flavors and the four varieties of mass eigenstates. Then, the squark states associated with the d-type quark mass eigenstates are, in particular, given as
By using eq.(28), the gluino contribution
where R for simplicity though they get some nonvanishing off-diagonal components, as discussed later). Then, the gluino contribution is calculated as
where h 1 ∼ 1 is a factor depending on Xd 
If the gluino contribution is expressed in terms of the coupling matrices λ d , λ α and so on, the terms in O(∆ LR ∆ † LR ∆ LR ) generally provide the contributions at the same orders as those obtained from the ∆ d term.
We are especially interested in the case where the soft supersymmetry breaking terms have the universal form at the unification scale M U with real gaugino masses and a common real factor A for the scalar cubic couplings ξ P . Then, for illustrating the contributions from the λ α coupling, let us first consider the universal limit by neglecting the the renormalization group effects. In this specific case ∆ 0 LR (with ξ β = Amλ β = 0) is written in a rather restricted form as
where 
with
The first term in eq.(32), which is independent of λ α , reproduces the usual gluino contribution in the MSSM by identifying λ N v N with the so-called µ-term (though it is vanishing with the real and universal soft supersymmetry breaking terms), while the effects of λ α appears in Im[(δ∆ d ) 11 ]. It is, however, found by noting eqs. (15) and (24) that
where M d is the diagonal d-type quark mass matrix with real and positive eigenvalues.
Therefore, the contribution of the ∆ d term in eq. (30) 
This gluino contribution is then estimated as
with The gluino contributions at the order of λ d λ 4 α are rather obtained through the renormalization group effects, which will be significant with the factor t U = (4π)
For example, the deviation from the universality is induced as 
D . This contribution can also be comparable to the contribution given in eq.(34).
As seen in the above considerations, significant gluino contributions to the neutron EDM This contribution is no longer proportional to λ d nor suppressed by the CKM mixing. Then, the factor |λ α ||ξ β |φ β is severly restricted by the experimental bound on the neutron EDM.
In this way, unnatural constraints are imposed on the generic form of soft supersymmetry breakings, as already seen in the MSSM. 
